We investigated if obesity/steatosis promotes mitochondrial remodeling in the liver of ob/ob mice (an obesity model). Liver mitochondria from ob/ob mice (21 weeks with significant steatosis) had~2-fold increases in state III respiration compared with control (C57BL/6J, C57BL/6NJ) for all respiratory substrates examined (glutamate/malate, succinate, octanoate, and glycerol 3-phosphate). A corresponding 2-fold increase in the expression of respiratory complexes (I, IV, and V) and other respiratory proteins (glycerol phosphate dehydrogenase-2 and medium-chain acyl-coenzyme A dehydrogenase) occur in liver mitochondria of mature ob/ob mice. Conversely, respiration in liver mitochondria from young ob/ob mice (6 weeks) does not differ from control with any respiratory substrates examined. Overall, mitochondrial remodeling that enhances respiration increases with obesity/steatosis in the liver of ob/ob mice.
Mitochondria are dynamic organelles that readily adapt to meet the energy requirements of cells [1] [2] [3] . Many stresses, such as exercise, have been shown to increase mitochondrial respiratory capacity to increase ATP production in various cells and tissues [4] [5] [6] . The enhanced mitochondrial bioenergetic capacity that occurs with various stresses is mediated by mitochondrial biogenesis, alteration in mitochondrial fusion-fission (generation of elongated mitochondria with greater cristae surface area), or increased expression of respiratory complex proteins [2, [7] [8] [9] . The latter involves increased expression of select complexes, mainly complex I (NADH dehydrogenase) or complex IV (cytochrome oxidase), rather than all proteins in the electron transport chain (ETC). Complex I has been shown to be stoichiometrically lower compared with the other complexes, and its increased expression can increase mitochondrial respiration driven by NADH [10, 11] . Similarly, complex IV activity has been suggested to be rate limiting in mitochondrial respiration, and increased expression of complex IV can enhance mitochondrial respiration [12, 13] . The mitochondrial remodeling caused by increased expression of select respiratory proteins in the ETC may, therefore, be an important mechanism to regulate mitochondrial bioenergetic activity and ATP production in cells. Mitochondrial remodeling, mitochondrial plasticity, or mitoplasticity are terms that have been used to describe the dynamic and adaptive nature of mitochondria [9, 14, 15] .
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Mitochondrial remodeling may be an important mechanism that helps the liver adapt to various stresses and metabolic changes [2, 15] . Our recent findings have shown that mitochondrial remodeling in the liver may be an important adaptation to chronic alcohol feeding by enhancing NAD + regeneration needed for alcohol metabolism [9, 15] . Traditionally, alcoholic liver disease has been suggested to involve mitochondrial dysfunction [16] [17] [18] , primarily based on studies involving oral alcohol feeding to rats (via the Lieber-DeCarli diet). These studies have demonstrated that alcohol feeding causes a decline in mitochondrial respiration (complexes I-and II-driven state III respiration) and a decline in the respiratory control ratio (RCR) in liver mitochondria [19] [20] [21] . Our detailed investigation of mitochondrial changes in this rat alcohol model showed that while there are some mitochondrial declines (i.e. succinate-driven respiration), there was also a great deal of mitochondrial remodeling associated with enhanced respiration utilizing other mitochondrial substrates (i.e. glycerol 3-phosphate (G3P), octanoate) [15] . Mitochondrial alterations in the liver caused by alcohol also appear to be very model dependent, as alcohol feeding to mice only increases mitochondrial respiration and does not cause any of the declines in mitochondrial bioenergetic activity that are observed in rats [9] . Overall, in both mice and rats greater alcohol-induced steatosis (fatty liver) was associated with greater mitochondrial remodeling [9, 15] . Since some mitochondrial remodeling (i.e. enhanced activity of mitochondrial enzymes) has been reported to occur in the liver of alcoholic patients [22] , mitochondrial remodeling may have clinical significance in humans.
The mitochondrial alterations that occur in the liver during nonalcoholic fatty liver disease (NAFLD) have been controversial. Studies using various animal models of NAFLD have shown either declines in mitochondrial bioenergetic activity, no changes in activity, or increases in mitochondrial bioenergetic activity in the liver [23] [24] [25] [26] [27] . Even within the same model, such as with ob/ob mice (an obesity model caused by a leptin deficiency that decreases energy expenditure and increases caloric intake), mitochondrial alterations in liver have been reported to be vastly different. Several works have suggested that mitochondrial bioenergetic activity declines (decreased activity of respiratory complexes, decreased respiration) in the liver of ob/ob mice [28, 29] , while other studies have shown that mitochondrial bioenergetic capacity is enhanced [24, 30] . Interestingly, one study observed that leptin treatment to ob/ob mice, which causes weight loss and decreases steatosis, caused a decline in mitochondrial respiration in the liver [24] . Similarly, a microarray study also found that leptin treatment decreased the expression of mitochondrial proteins in the liver in ob/ob mice [30] . These studies suggest that there may be a strong link between obesity/steatosis in ob/ob mice, with weight loss (decline in steatosis) causing a decline in mitochondrial respiratory capacity in the liver.
In this work, we provide a detailed examination of the relationship between obesity/steatosis and mitochondrial respiratory capacity in ob/ob mice by examining many key bioenergetic parameters, including often overlooked measurements such as G3P-driven respiration. We also investigated mitochondrial remodeling in ob/ob mice at early (slight steatosis) and later ages (high steatosis) to determine how liver mitochondria alter with obesity and steatosis. To our knowledge, our investigation presents the first analysis of G3P-driven respiration and mitochondrial remodeling in the ob/ob mouse model.
Materials and methods

Animals
Ob/ob, C57BL/6J, and C57BL/6NJ mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA) at 6 weeks of age. The animals were housed in a temperature-controlled room and were acclimatized for a minimum of 3 days prior to use in experiments. All mice were fed standard chow (ad libitum) for up to 22 weeks. The mice received care according to methods approved under institutional guidelines for the care and use of laboratory animals in research.
Biochemical assays
Isolation of liver mitochondria
Liver mitochondria from mice were isolated using differential centrifugation as previously described [31] . Livers were excised, washed with 0.25 M sucrose and homogenized in an H-medium (210 mM mannitol, 70 mM sucrose, 2 mM HEPES, 0.05% bovine serum albumin (w/v)), plus protease and phosphatase inhibitors. The homogenate was centrifuged at 1000 g for 10 min, the pellet was removed, and the centrifugation process was repeated. The resulting supernatant was centrifuged at 10 000 g for 15 min. The pellet, which represents the mitochondria fraction, was washed with H-medium and the centrifugation was repeated. The mitochondria were resuspended in H-medium before oxygen electrode and western blot analysis.
Measurements of respiration in isolated mitochondria
Respiration was measured in freshly isolated mitochondria by monitoring oxygen consumption with a Clark-type electrode (Hanstech, UK) in respiration buffer containing 230 mM mannitol, 70 mM sucrose, 30 mM Tris-HCl, 5 mM KH 2 PO 4 , 1 mM EDTA, pH 7.4 [9] . Isolated mitochondria (0.50 mg) were added to 1 mL of respiration buffer and oxygen consumption monitored in the presence of mitochondrial substrates (glutamate/malate 7.5 mM -complex I substrates; succinate 7.5 mM -complex II substrates) with or without ADP (250 lM). Mitochondrial respiration was also measured using glycerol 3-phosphate (2.5 mM), which feeds into glycerol phosphate dehydrogenase-2 in the mitochondrial inner membrane, and octanoate (200 lM), a medium-chain fatty acid that undergoes beta-oxidation. State IV respiration is defined as respiration in the presence of substrate, while state III respiration in is defined as respiration in the presence of both substrates plus ADP. The RCR is defined as state III/state IV. The ADP/oxygen ratio (P/O ratio) was determined by measuring the total amount of oxygen consumed per ADP utilized.
Immunoblotting
Aliquots of cytoplasmic or mitochondrial extracts were fractionated by electrophoresis on 8-12% SDS polyacrylamide gels (BioRad, Hercules, CA). Subsequently, proteins were transferred to nitrocellulose or PVDF membranes and blots were blocked with 5% (w/v) nonfat milk dissolved in Tris-buffered saline (TBS) with Tween-20. Complexes I (NDUFS3 subunit), II (SDHA subunit), complex III (subunit 1), V (a subunit), and MCAD antibodies were obtained from Mitosciences (Eugene, OR). Complex IV and acetylated lysine antibodies were obtained from Cell Signaling Technology (Danvers, MA). Although immunoblotting only examines one subunit of the select complexes, there appears to be a very strong correlation between our immunoblotting data and published BN-PAGE data, which examines all proteins in the respiratory complexes. [15] . The TFAM antibody was obtained from Avia Systems Biology (San Diego, CA). Mitochondrial glycerol phosphate dehydrogenase-2 (GPD2) was obtained from Proteintech (Chicago, IL). GPD2 was found in both the dimer (~136 kD) and monomer (~68 kD) forms, and liver samples were treated with four times SDS to convert the dimer into the monomer form, as previously described [15] . All blots shown are representative samples from 3 to 7 experiments. Densitometry was performed using the Image J software from NIH and normalized with appropriate loading controls.
Statistical analysis
Statistical analyses were performed using the Student's t-test for unpaired data or ANOVA for comparison of multiple groups. P < 0.05 was defined as statistically significant.
Results
Mitochondrial remodeling of respiratory proteins in the liver of ob/ob mice (21 weeks)
Ob/ob mice are C57BL/6J mice that spontaneously developed a mutation in leptin, leading to increased food intake, obesity, and steatosis. C57BL/6J mice (J mice) also harbor another mutation that inactivates nicotinamide nucleotide transhydrogenase (NNT), a mitochondrial protein on the inner membrane responsible for transferring reducing equivalents from NADH to NADPH [32] . To examine if this NNT mutation affects mitochondrial remodeling, we also examined mitochondrial bioenergetic activity in another control strain (C57BL/6NJ mice -NJ mice), which contain functional NNT proteins. We examined mitochondrial alterations in ob/ob mice and control mice at 21 weeks, when liver steatosis is significant, with only some early markers of steatohepatitis in ob/ ob mice [33, 34] . Table 1 shows that at 21 weeks, ob/ ob mice have severe hepatomegaly (liver/weight ratio) due to steatosis compared with J and NJ mice, in agreement with previous results [33, 34] .
Mitochondrial respiration can be assessed by utilizing various respiratory substrates that enter the ETC through different proteins (Fig. 1) . We first examined the mitochondrial respiration using substrates that feed into complex I (glutamate/malate) and complex II (succinate) in 21-week-old ob/ob and control mice (J and NJ mice). Fig. 2A shows that both glutamate/ malate-and succinate-driven respiration were significantly enhanced in liver mitochondria from ob/ob mice, by greater than 2-fold compared with both J and NJ mice (*P < 0.05 versus J,^P < 0.05 versus NJ). No significant differences in respiration were observed between J and NJ mice, suggesting that the NNT mutation in the J mice did not significantly affect mitochondrial respiration in the liver. Although mitochondrial respiration increased in ob/ob mice, no differences in the respiratory control ratio (RCR) were observed between the mice strains (Fig. 2B) . Similarly, no significant differences in the P/O ratio were observed between the three mice strains using glutamate/malate (J = 2.41 AE 0.33, Ob = 2.58 AE 0.29, NJ = 2.51 AE 0.41) and succinate (J = 1.39 AE 0.37, Ob = 1.61 AE 0.31, NJ = 1.58 AE 0.29). The lack of change in RCR and P/O ratio in ob/ob mice suggests no uncoupling of mitochondria occurred despite respiration being significantly enhanced.
The increased respiration observed in liver mitochondria from ob/ob mice may be due to remodeling of the ETC, as we observed significant increases in the expression of complexes I, IV, and V in liver mitochondria from ob/ob mice compared with control (Fig. 3A,B) . Complexes I and IV in particular increased~2-fold in ob/ob mice compared with both J and NJ mice. A modest increase in complex II expression in liver mitochondria from ob/ob mice was observed, but it was only statistically significant when compared with mitochondria from J mice, and not to NJ mice (Fig. 3A,B) . No significant differences in the expression of respiratory complexes in liver mitochondria between J and NJ mice were observed.
Mitochondrial remodeling of other proteins that feed electrons into the ETC in ob/ob mice (21 weeks)
We next examined mitochondrial respiration using substrates that bypass complex I or II and feed electrons into the ETC through other inner membrane proteins (Fig. 1) . Mitochondrial glycerol phosphate dehydrogenase-2 (GPD2) shuttles electrons from NADH generated in the cytoplasm into the ETC [35, 36] . Mitochondrial respiration utilizing G3P, the substrate that feeds into GPD2 (Fig. 1) , was significantly enhanced (greater than 2-fold) in isolated liver mitochondria from ob/ob mice compared with both J Fig. 1 . Flow of electrons from respiratory substrates into the ETC. Various respiratory substrates can feed electrons into ETC via ubiquinone. Glutamate/malate treatment, through the action of various dehydrogenates such as glutamate and malate dehydrogenase, generates NADH that feeds into complex I, while succinate feeds into complex II (succinate dehydrogenase). The glycerol phosphate shuttle transfers electrons from NADH generated in the cytoplasm into the electron transport chain. Cytoplasmic glycerol phosphate dehydrogenase-1 (GPD1) transfers electrons from NADH to dihydroxyacetone phosphate to form glycerol-3-phosphate (G3P). G3P then feeds electrons into the ETC through mitochondrial glycerol phosphate dehydrogenase-2 (GPD2) in the inner membrane. Beta-oxidation of fatty acids generates FADH 2 through the action of various acyl-coenzyme A dehydrogenase, such as medium-chain acyl-coenzyme A dehydrogenase (ACADM). FADH 2 feeds into the respiratory chain through electron-transferring flavoprotein (EFT) and EFT-ubiquinone oxidoreductase. Octanoate-driven respiration depends on ACADM, as well as other proteins.
and NJ controls (Fig. 4A) . We subsequently examined mitochondrial respiration utilizing octanoate, a medium-chain fatty acid, that undergoes beta-oxidation in mitochondria through the action of medium-chain acyl-coenzyme A dehydrogenase (ACADM; MCAD). Acyl-CoA dehydrogenases are a family of enzymes involved in beta-oxidation of fatty acids that generate FADH 2 that feeds into the respiratory chain through electron-transferring flavoprotein (ETF) and ETF-ubiquinone oxidoreductase (Fig. 1) . Octanoate-driven respiration was significantly increased in isolated liver mitochondria from ob/ob when compared with J mice, but not with NJ mice. The increase in octanoatedriven respiration in liver mitochondria from ob/ob was~50% compared with control mice, much less than the 2-fold increases observed with G3P, succinate, and glutamate/malate. Again, no significant differences in respiration were observed between J and NJ mice, although in all cases a general trend of a slight decline in mitochondrial respiration was observed in J mice compared with NJ mice. No differences in the RCR were observed between mice strains with octanoateand G3P-driven respiration again suggesting no mitochondrial uncoupling (Fig. 4B ). G3P and octanoate generally produce lower state III respiratory rates than complex I and II substrates, and G3P also has a lower RCR than other respiratory substrates [15] .
The increase in octanoate-and G3P-driven respiration in liver mitochondria of ob/ob mice may be due to increases in the expression of complex IV (a rate limiting respiratory complex [12] ), as well as increased expression of ACADM and GPD2, respectively (Fig. 5A,B) . Protein levels of both GPD2 and ACADM were increased~2-fold compared with both J and NJ mice. The expression of short-chain acylcoenzyme A dehydrogenase (ACADS) was not increased in ob/ob mice liver, demonstrating that not all proteins involved in beta-oxidation are increased in ob/ob mice. Liver mitochondria from ob/ob mice also had increased expression of mitochondrial transcription factor A (TFAM), a key transcription factor (nuclear gene) that is important for transcribing genes from mtDNA [37] (Fig. 5) . Increased TFAM expression suggests that transcription may be more active in liver mitochondria of ob/ob mice than controls. Overall, our data suggest that there is extensive remodeling of liver mitochondria in ob/ob mice that involves upregulation of key proteins involved in mitochondrial respiration.
Increased acetylation of mitochondria protein in the liver in ob/ob mice
Acetylation is a reversible post-translational protein modification involving the addition of acetyl groups to lysine residues, which can modulate protein function and activity [38, 39] . Chronic alcohol feeding, caloric restriction, and other metabolic changes have been shown to increase acetylation of mitochondrial proteins in the liver [9, 15, 40, 41] . Similarly, we observed that ob/ob mice had significantly greater acetylation in isolated liver mitochondria compared with controls (Fig. 6) . Acetylation was mainly observed in 2 proteins near 37 kDa and one band near 25 kDa, which all increased~2-fold in liver mitochondria of ob/ob mice compared with controls. White bars = C57BL/6J (J); stripe bars = ob/ob (Ob); dark gray bars = C57BL/6NJ (NJ). State III respiration was measured using either complex I substrates (glutamate/malate, 7.5 mM) or complex II substrate (succinate, 7.5 mM) in the presence of ADP (250 lM) with an oxygen electrode. (B) Respiratory control ratio (RCR) in isolated liver mitochondria. RCR is defined as state III respiration/ state IV respiration ratio. Mice were killed at 21 weeks of age and liver mitochondria were isolated using differential centrifugation as described in the materials and methods section. N = 5-7 mice per group. Results are mean AE SD; *P < 0.05 versus J.^P < 0.05 versus NJ.
Mitochondrial remodeling is not observed in young ob/ob mice (6 weeks)
To determine whether mitochondrial remodeling in the liver is inherent in ob/ob mice, or develops as ob/ob become more obese and develop steatosis, we examined liver mitochondria of young ob/ob mice (6 weeks). Since our earlier experiments showed no significant differences in mitochondrial bioenergetics between J and NJ mice, we utilized only J mice (background of ob/ob mice) as the controls. At 6 weeks, ob/ob had significant greater body and liver weight than J control mice (Table 2) , although increases in hepatomegaly (liver/ body ratio) were not statistically significant. In these young ob/ob mice, no differences in mitochondrial respiration compared with J mice were observed with any respiratory substrates examined (Fig. 7A) . Similarly, no differences in the expression of respiratory complexes were observed compared with J mice (Fig. 7B) , while densitometry showed no significant differences between the two mice strains (data not shown). The RCR also did not differ between ob/ob and J mice (Fig. 7C) . Little change in expression of mitochondrial proteins in the liver was observed in J mice with age, but many key proteins, such complexes I and IV, significantly increased in ob/ob mice as they became more obese and developed greater steatosis (7D; 6 weeks versus 21 weeks). Complex III was used as the loading control since it has not been shown to be altered in older ob/ob mice (Fig. 7B) or with stresses such as alcohol feeding [9, 15] .
Discussion
Mitochondrial remodeling of the ETC in the liver of ob/ob mice Our data, therefore, suggest that similar to the alcohol feeding to mice, as fats accumulate in the liver of ob/ob mice, greater mitochondrial remodeling that enhances respiration occurs. Interestingly, ob/ob at 21 weeks had a~2-fold increase in respiration (e.g. glutamate/ malate, succinate, G3P, octanoate), which corresponded with a~2-fold increase in key respiratory Mice were killed at 21 weeks of age, mitochondria were isolated using differential centrifugation, and mitochondrial protein levels were assessed by western blotting. (B) Densitometry of immunoblots for respiratory complexes. Ornithine transcarbamylase (OTC) was used as the loading control after it was observed not to be variable between mice species. All blots shown are representative samples from 3 to 6 experiments. Densitometry was performed using Image J. N = 5-7 mice per group. Results are mean AE SD; *P < 0.05 versus J. P < 0.05 versus NJ.
proteins in the ETC (complexes I, IV, V, GPD2, ACADM). These mitochondrial proteins are the same ones that we observed to increase with intragastric alcohol feeding to mice (C57BL/6J), which develop significant steatosis similar to that of ob/ob mice [9] . Overall, mitochondrial alterations in ob/ob mice and intragastric alcohol fed mice seem very similar in terms of increases in mitochondrial respiration, increased expression of respiratory proteins, and acetylation of mitochondrial proteins. These similarities may not be completely surprising, since alcoholic fatty liver disease and NAFLD share many pathologic features [42] . Taken together, the data suggest that mitochondrial remodeling involving a selective increase in respiratory proteins such as complexes I and IV may be an important adaptive mechanism to steatosis in the liver.
The findings of these papers are in agreement with previous studies that demonstrate ob/ob mice that were administered leptin, which causes weight loss and decreases steatosis, experience decreased mitochondrial respiration and decreased expression of mitochondrial proteins [24, 30] . We similarly see this relationship, though in a different sequence, as we observed with weight gain and development of greater steatosis in ob/ ob mice, extensive mitochondrial remodeling and enhanced respiration occurs in the liver. It is not clear why these findings that show enhanced mitochondrial respiration with obesity are in stark contrast with other studies that suggest a significant decline in mitochondrial function in the liver of ob/ob mice. These studies examined different mitochondrial parameters (activities of individual complexes, whole liver respiration) [28, 29] , but these differences should not cause such significant variances with respiration measurements reported in this and other studies. The age of experimental mice, their genetic background, pathology, and a wide range of other parameters may need to be investigated to understand the variations in mitochondrial function in the liver that have been reported in ob/ob mice.
In humans, there is strong evidence that obesity increases mitochondrial bioenergetic capacity in the liver. One study observed greater than a 5-fold increase in respiration in isolated liver mitochondria from obese patients, with and without steatosis [43] . Interestingly, this study also found that patients with steatohepatitis (NASH; fatty liver plus inflammation) had a 30-40% decline in respiration of liver mitochondria. Most studies that have analyzed mitochondria in NASH patients generally report declines in mitochondrial protein or respiration [44, 45] . Taken together, it appears that mitochondria are very dynamic in the liver and appear to increase with obesity and NAFLD, but severely decline with the development of NASH [45] . One important difference between ob/ob mice and humans is that increased mitochondrial respiration in the liver of humans has been associated with declines in the RCR. This suggests that there is increasing uncoupling of mitochondria in humans with increase obesity, which causes many physiological changes including the generation of heat. It is possible that liver mitochondria from ob/ob mice may become more uncoupled as steatosis and obesity increases with age, and further studies are needed to explore this issue in older mice.
This work also explored the possibility that NNT may affect mitochondrial remodeling and respiration in the liver. There was a general trend of J mice (NNT mutation) having slightly lower mitochondrial respiration and expression of respiratory proteins than NJ mice (normal NNT). Much greater numbers of mice Fig. 4 . G3P-and octanoate-driven respiration is enhanced in liver mitochondria from ob/ob mice (21 weeks). (A) State III respiration using G3P and octanoate as respiratory substrates. White bars = C57BL/6J (J); stripe bars = ob/ob (Ob); dark gray bars = C57BL/6NJ (NJ). State III respiration was measured using either G3P (2.5 mM) or octanoate (200 lM) as respiratory substrates in an oxygen electrode in the presence of ADP (250 lM). (B) RCR using G3P and octanoate as respiratory substrates. RCR is defined as state III respiration/state IV respiration ratio. Mice were killed at 21 weeks of age and liver mitochondria were isolated using differential centrifugation as described in Materials and Methods section. N = 5-7 mice per group. Results are mean AE SD; *P < 0.05 versus J.^P < 0.05 versus NJ. . ACADM, acyl-coenzyme A dehydrogenase medium-chain; ACADS, acyl-coenzyme A dehydrogenase short-chain; GPD2, mitochondrial glycerol phosphate dehydrogenase-2; TFAM, mitochondrial transcription factor A. G3P feeds electrons into the respiratory chain through GPD2, while octanoate feeds electrons through ACADM. Mice were killed at 21 weeks of age, mitochondria were isolated using differential centrifugation, and mitochondrial protein levels were assessed by western blotting. (B) Densitometry for immunoblots of isolated liver mitochondria. Ornithine transcarbamylase (OTC) was used as the loading control after it was observed not to be variable between mice species. Densitometry was performed using Image J. N = 5-7 mice per group. Results are mean AE SD; *P < 0.05 versus J.^P < 0.05 versus NJ. Mice were killed at 21 weeks of age, mitochondria were isolated using differential centrifugation, and mitochondrial acetylation was assessed by western blotting. (B) Densitometry for mitochondrial acetylation. Ornithine transcarbamylase (OTC) was used as the loading control after it was observed not to be variable between mice species. Densitometry was performed using Image J. N = 5-7 mice per group. Results are mean AE SD; *P < 0.05 versus J.^P < 0.05 versus NJ.
will need to be utilized to determine if a mutation in NNT significantly affects mitochondrial bioenergetics in the liver, since any differences, if they exists, are minimal. It is more likely differences in mitochondrial function between J and NJ mice may develop with stress, as certain stresses have been shown to cause varying responses in the liver of J and NJ strains [32] .
Physiologic and pathophysiologic role of mitochondrial remodeling in the liver of ob/ob mice Why do liver mitochondria develop an enhanced respiratory capacity with obesity in mice and humans? We hypothesized that chronic alcohol feeding enhances mitochondrial respiration to increase NAD + regeneration needed for alcohol metabolism [9, 15] . However, the increase in mitochondrial respiration in the liver of obese mice is puzzling since there appears to be no metabolic need for such an increase in mitochondrial capacity. On the contrary, with excess energy in the form of free fatty acids being built up in the liver, it would be predicted that mitochondrial respiration in the liver should decline. One possibility is that mitochondrial remodeling occurs to increase the beta-oxidation potential of the liver as an adaptation to the buildup of fatty acids. The liver may be 'gearing up' for beta-oxidation so that fatty acids can be rapidly mobilized for energy in the liver when needed. Clearly, more work needs to be performed to explore this and other hypotheses for why mitochondrial remodeling in the liver increases with obesity.
While mitochondrial remodeling to increase mitochondrial respiration in the liver may represent an unknown adaptation, it may still have pathologic consequences. Long-term increased mitochondrial respiration may promote liver injury through increased reactive oxygen species (ROS) generation that may be promoted by the acetylation of mitochondrial proteins in the liver of ob/ob mice. Acetylation of mitochondrial proteins such as complex I and Mn-superoxide dismutase (Mn-SOD; SOD-2) have been suggested to modulate protein activity and increase ROS generation, the latter through inactivation of its antioxidant action [38, 46] . The levels of acetylation in mitochondria are regulated by sirtuin-3 (Sirt-3), the major de-acetylating enzyme in mitochondria [38, 39] . How the activity of Sirt-3 is affected by obesity in ob/ob mice needs further investigation. There is, however, some controversy pertaining to the role of acetylation of mitochondrial proteins in regulating mitochondrial ROS generation and bioenergetic activity. Studies that have reported that acetylation of mitochondrial proteins decreases mitochondrial respiration and increases mitochondrial ROS generation were mainly observed with germline Sirt-3 knockout mice [38, 46] . However, work with muscle and liver-specific Sirt-3 knockout models have demonstrated that increased acetylation of liver mitochondria does not affect mitochondrial bioenergetic activity and ROS generation in their respective tissues [47] . More research exploring the significance of acetylation in ob/ ob mice and its potential to modulate mitochondrial function and ROS generation is required.
Conclusion
Overall, mitochondria are very dynamic in the liver and various stresses including obesity in mice promote mitochondrial remodeling that enhances mitochondrial respiration. Similar mitochondrial remodeling has been seen in human liver tissue in both obese and alcoholic patients, suggesting it has important clinical implications [45] . Why mitochondrial respiratory capacity increases when energy is at an excess remains uncertain, but its physiologic and pathophysiologic role in the liver merits further investigation.
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